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The phase of the wave function of charged matter is sensitive to the value of the electric potential,
even when the matter never enters any region with non-vanishing electromagnetic fields. Despite
its fundamental character, this archetypal electric Aharonov-Bohm effect has evidently never been
observed. We propose an experiment to detect the electric potential through its coupling to the
superconducting order parameter. A potential difference between two superconductors will induce a
relative phase shift that is observable via the DC Josephson effect even when no electromagnetic fields
ever act on the superconductors, and even if the potential difference is later reduced to zero. This is
a type of electromagnetic memory effect, and would directly demonstrate the physical significance
of the electric potential.
Introduction — Electrodynamics is conventionally de-
scribed using scalar and vector potentials, even though
in classical physics only the electric and magnetic field
strengths are observable. It was noticed long ago that the
potentials themselves have direct physical significance in
that they can affect the phase of the quantum mechanical
wave function of charged matter even in regions where
the field strengths vanish [1–3]. Such phase differences
can then be observed with interference experiments.
In their seminal paper [2], Aharonov and Bohm de-
scribe two archetypal versions of their effect. The best
known version today is magnetostatic, with vanishing
electric field and a magnetic field B that is nonzero only
within a solenoidal tube. In this situation the vector po-
tential is (necessarily) non-vanishing [4] outside the tube,
and charged particles that propagate around it will expe-
rience a phase shift proportional to the magnetic flux in
the tube, despite never entering the region of nonzero B.
This magnetic Aharonov-Bohm (AB) effect was observed
long ago [5, 6].
The obvious electric counterpart is a setup where
charged particles propagate only in regions of vanishing
electric field E, but different potential due to the presence
of nonzero electric fields somewhere else. The experiment
proposed in [2] was to pass two electron beams through
Faraday cages, with a different time-varying voltage ap-
plied to each. To our knowledge this experiment has
never been carried out, nor has the electric version of the
AB effect ever been experimentally verified in any other
way.
In this work we propose a simple and feasible exper-
imental setup employing superconductors. This could
verify for the first time the physical significance of the
electric potential in a region of vanishing fields. For
our purposes it is essential that the charged particles are
never exposed to non-zero electric fields. Such an effect –
where the interaction is between charges and potentials
in a region of vanishing field strengths – is sometimes re-
ferred to as Aharanov-Bohm type I, while effects that can
be explained by interactions in regions of non-vanishing
field strengths are referred to as type II [7]. There have
FIG. 1. Basic setup (top) and contour of Wilson loop (bot-
tom). An electric potential difference V maintained for a
time T across two superconductors induces a relative super-
conducting phase difference ∆θ = qV T/~.
been some experimental studies of the electric AB ef-
fect that failed to verify the effect [8], while others made
positive observations [9, 10]. However, these two exper-
iments constitute measurements of the Type II effect in
that the charged particles traversed regions of non-zero
electric field. In this work we are interested exclusively in
the type I effect that (to our knowledge) has never been
tested [11].
Consider two superconductors that are initially con-
nected so that their phase difference is zero, ∆θ = 0.
Subsequently, the superconductors are placed on either
side of a large planar capacitor. In the temporal gauge
(where E = −A˙) Gauss’ law reads
ρ = −∇ · A˙ . (1)
Charging the capacitor and maintaining a fixed voltage
across it changes the initially vanishing vector potential,
A(t = 0) = 0, to a pure gradient, A(t) = ∇λ(x, t), that
is non-vanishing between the capacitor plates. Assuming
the capacitor plates are very large or that the supercon-
ductors are enclosed in Faraday cages, the electric field at
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2the superconductors remains zero at all times. The func-
tion λ(x, t) depends linearly on time while a constant
voltage on the capacitor is maintained, and is indepen-
dent of position outside but sufficiently near the capacitor
plates and inside any Faraday cages.[12]
We can eliminate the non-trivial vector potential by
the gauge transformationA→ A−∇λ(x, t), where again
λ(x, t) =
∫
dxAx is constant in space but takes different
values on either side of the capacitor. The gauge trans-
formation acts on the phase of the superconductors as
θ → θ − qλ/~, showing that a time-dependent gauge
configuration λ ∝ t is equivalent to ∆θ ∝ t – a phase
difference that increases in proportion to time and to the
voltage on the capacitor. This is illustrated in Figure 1.
Once the capacitor is discharged the time-dependence
disappears and the phase difference becomes constant.
As long as the superconductors remain isolated from any
further influences, this phase difference remains eternally
imprinted, and can (in principle) be observed at any later
time by re-connecting the superconductors and using the
DC Josephson effect. This is an example of “electro-
magnetic memory” [13–15]. Together with more general
question of the physical significance and infrared dynam-
ics of gauge potentials, it is relevant for many questions
of interest to ongoing research, including soft theorems
(see [16] for a recent pedagogical review) and is related
to gravitational memory and black hole information loss
[17].
Taken together, the trajectories of the superconductors
trace out a closed loop in space-time that we illustrate in
Figure 1 – initially connected, then separated to either
side of the capacitor, and then again connected. The Wil-
son loop integral
∮
Aµdx
µ (with Aµ the four-potential) is
gauge invariant and non-zero when taken along this loop.
Previous work — The experiment originally proposed
by Aharonov and Bohm to measure the electric version
of their eponymous effect was an electron interference
experiment where a time-dependent voltage V is applied
to the exterior of two Faraday cages while the electron
beams pass through them [2]. If the voltage difference
is non-zero only during the time T when the electrons
are well contained inside the cages, the electrons never
enter a region with non-zero electric field. Nevertheless,
applying a different potential to each cage would induce
a relative phase shift of
∆θ =
q∆V T
~
, (2)
in the electron wave-functions, where V coincides with
A0 in Coulomb gauge. The beams can then be interfered
in order to measure the phase shift. However in order to
prevent the electrons from entering a region of non-zero
fieds, the typically high velocity of electron beams would
require the voltage to be switched on and off extremely
rapidly, over times of order 10−9s. This is challenging
and would induce strong non-adiabatic fields [18, 19]. An
FIG. 2. Two superconductors subject to an electric poten-
tial difference V and connected by a thin superconducting
wire with a junction. Positive/negative electric potential is
illustrated as red/blue shading, and the arrows indicate the
magnitude and direction of the field. (a) A charged capacitor
is in between the two superconductors, creating a potential
difference but zero electric field on the superconductors. (b)
The capacitor encloses the two superconductors, creating a
field that acts directly on the superconductors.
interesting application of the electric Aharonov-Bohm ef-
fect was proposed in [20], but so far no positive observa-
tions have been made.
Instead of using charged particles directly, in this work
we propose to employ the superconducting Cooper pair
condensate in a quantum interference experiment that
is sensitive to the electric potential in a region of van-
ishing fields. Using superconductors allows a more ex-
perimentally feasible test of the significance of the scalar
potential. A related gedanken-experiment was proposed
in [14].
Reference [21] proposed an experiment measure the rel-
ative phase shift between two superconductors induced a
gravitational potential difference, analogous to the elec-
tric Aharonov-Bohm effect we discuss here.
Experimental setup — The experiment consists of two
superconductors that are each embedded between large
planar capacitors as shown in Figure 2. The supercon-
ductors are described by the Ginzburg-Landau order pa-
rameters φ1,2 =
√
neiθ1,2 , where n denotes the constant
Cooper pair density and θ1,2 are the time-dependent
phases. Thin superconducting wires originate from each
of the superconductors and terminate at an insulating
3junction located far from the capacitors. The junction
contains a phase-dependent gradient of the order param-
eter that allows Cooper pairs to tunnel. This leads to an
observable supercurrent described by the first Josephson
relation
I = Ic sin(∆θ),
where Ic is the critical current that depends on the de-
tailed configuration of the junction [22–24].
We present two distinct experimental setups corre-
sponding to different configurations of the capacitor
plates, labeled by (a) and (b) in Figure 2. In config-
uration (a) a voltage difference is induced between the
two superconductors, which lie in regions of vanishing
field. In configuration (b) there is both a non-zero volt-
age difference and a non-vanishing electric field acting on
the superconductors.
Both setups result in an electric potential difference
of V (t) between the superconductors. The Cooper pairs
carry a charge q = −2e, so the gauge-coupling term in
the action, S ⊃ 2e~
∮
Aµdx
µ (with Aµ the four-potential),
yields an associated phase shift given by the second
Josephson relation,
∆θ =
2e
~
∫
V (t) dt.
The path V (t) is imprinted as a memory in the relative
phase. The electric field at the superconductors vanishes
in setup (a), but acts locally in setup (b). Therefore,
experimental verification of the second Josephson rela-
tion in setup (a) acts as an indication that the scalar
potential is physical (type I electric Aharanov-Bohm),
while setup (b) represents a more conventional Joseph-
son setup junction and could serve as a control (type II
electric Aharanov-Bohm). In both setups the relation
between the relative phase and the voltage difference is
identical, but the electric field configurations differ.
A constant voltage of 1µV will shift the frequency of an
AC Josephson current by about 5GHz. An application of
a short voltage pulse of 10nV over a period of 10ns would
shift the relative phase by pi. A precise measurement this
phase-shift may be difficult due to the small timescales
and voltages involved, but any phase shift induced by
the configuration in Figure 2 (a) would demonstrate the
existence of the type I electric Aharanov-Bohm effect.
There are several systematic effects that can impact
the observations or their interpretations. First, in setup
(a) we attempted to place the Cooper pair condensate
in a region that is entirely separated spatially from the
region of non-vanishing electric fields. However, since
we also need to observe a current and moving the su-
perconductors is difficult, we rely on superconducting
wires leading to the junction. These wires will experience
the non-vanishing fringe fields of the capacitor. Phase-
coherence is maintained within each superconductor, and
the number density of Cooper pairs is spatially constant,
so we can separate the Ginzburg-Landau action for the
condensate into two additive contributions: one from the
wires and one from the bulk of the superconductors. The
phase couples linearly to the potentials, so if we denote
by  = Vwire/Vbulk the relative volume between the wire
and the bulk of the superconductor, we expect the sys-
tematic error from fringe fields in the second Josephson
relation to be no larger than . Assuming superconduc-
tors of volume 1cm3, the volume ratio can be as small
as  & 10−11 with µm-scale wires. Conversely, if electric
fields instead of potentials were fundamental, the second
Josephson relation would lead to a phase velocity that
is multiplied by the small factor of O(). If realized in
nature, a positive direct and unambiguous observation of
this significantly weaker effect would actually be easier.
Second, thermal noise will induce non-vanishing elec-
tric fields within the Faraday cages. Assuming the con-
ductivity of copper and a frequency bandwidth of 106Hz,
a 1cm Faraday cage contains thermal voltage fluctuations
of around 10−11V. These fluctuations induce a negligible
relative voltage difference between the superconductors.
Conclusions — A positive observation would provide
the first experimental evidence for the electric Aharanov-
Bohm effect. Conversely, a negative observation ruling
this effect out would be of profound importance for our
understanding of quantum gauge theories and consistent
with a holonomic theory of quantum electrodynamics
[25]. Either observation would be of elementary impor-
tance.
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